In songbirds, the seasonal growth of the song system is generally thought to be controlled by the spring increase in plasma levels of testosterone and/or related changes in singing activity. Here we report an extremely early seasonal growth (before February) of the song control nuclei HVC and RA in Corsican blue tits (Parus caeruleus) indicating that the vernal development of these nuclei occurs well before the vernal increase in plasma testosterone, testes size and song activity. The development of HVC and RA occurred simultaneously in two populations that are known to breed consistently 1 month apart as an adaptation to heterogeneous landscapes (predominance of broad-leaved deciduous versus evergreen oak trees). The unidentified environmental and/or physiological cues controlling the plasticity in the song system must therefore differ, at least in part, from those affecting other morphological and physiological traits controlling reproduction. In the brain of songbirds, the discrete nuclei that form the song control system undergo seasonal variations in structure that seem to mediate the annual changes in song quality and quantity [4, 25] . During the spring, there is a marked increase in the volume of several song control nuclei such as HVC (formerly high vocal centre) and the robust nucleus of the arcopallium (RA) [21] . The seasonal growth of these nuclei reflects changes in cell size and branching, variations in the volume of the neuropile, and in the case of HVC, incorporation of new neurons [2] . Plasma testosterone (T) is generally considered as the key factor controlling the seasonal growth of the song control nuclei HVC and RA (see review in [4]) but three types of observations indicate that this mechanism is not the only one involved: (a) High plasma levels of T are not always necessary to induce the growth of song control nuclei. In song sparrows (Melospiza melodia) for example, HVC and RA are already developed in early spring when * Corresponding author. Tel.: +32 4 366 5970; fax: +32 4 366 5971.
In the brain of songbirds, the discrete nuclei that form the song control system undergo seasonal variations in structure that seem to mediate the annual changes in song quality and quantity [4, 25] . During the spring, there is a marked increase in the volume of several song control nuclei such as HVC (formerly high vocal centre) and the robust nucleus of the arcopallium (RA) [21] . The seasonal growth of these nuclei reflects changes in cell size and branching, variations in the volume of the neuropile, and in the case of HVC, incorporation of new neurons [2] . Plasma testosterone (T) is generally considered as the key factor controlling the seasonal growth of the song control nuclei HVC and RA (see review in [4] ) but three types of observations indicate that this mechanism is not the only one involved: (a) High plasma levels of T are not always necessary to induce the growth of song control nuclei. In song sparrows (Melospiza melodia) for example, HVC and RA are already developed in early spring when plasma T levels are still at basal levels [21, 26] , (b) photoperiod, the most important cue regulating seasonal changes in reproductive physiology and behaviour, has been shown to increase the size of song nuclei in starlings (Sturnus vulgaris) [5] and Gambel's white-crowned sparrows (Zonotrichia leucophrys gambelii) [21] independently of gonadal T (i.e. in castrated birds), and (c) social cues, such as those provided by a sexually receptive female, are also able to enhance the seasonal growth of song nuclei in white-crowned sparrows [27] . The respective roles of these different factors remain however unclear at present.
We compared here the seasonal changes in HVC and RA volumes in two Mediterranean blue tit (Parus caeruleus) populations that show considerable differences in the timing of reproduction [7, 8, 15] . These populations, situated at similar latitudes and altitudes, are adapted to heterogeneous landscapes differing by the prevalence of broad-leaved deciduous (Quercus humilis: Muro) versus evergreen (Quercus ilex: Pirio) oak trees. In Muro, blue tits raise chicks early (in May) at the time when many caterpillars are available in this broad-leaved deciduous oak habitat. By contrast, in the other valley (Pirio), blue tits raise chicks in June (about 1 month later) when the highest density of caterpillars is available in evergreen oak. Experimental work with captive birds showed that the two populations do not have the same breeding responses in standardized outdoor conditions [7] . In addition, during a 12-years field study involving captures of 3000 adults on the nest at both sites, we only observed two reproducing males that had been marked in the other valley. Reproductive exchanges between these two insular populations are therefore assumed to be rare despite their proximity, which would favour adaptive population differentiation for timing of breeding [7, 8, 24] . A preliminary study of these two populations based on a small number of subjects (n = 22), covering the period from February till April during a single year, failed to find any seasonal variation in the volumes of HVC and RA [10] . It was hypothesized that either Corsican blue tits do not display any seasonal variation in their song nuclei that maintain the same size all year round or that the seasonal growth of the song nuclei occur for the most part before the sampling period. The aims of the present study were thus: (1) to determine whether seasonal changes occur in the song-control system of these populations, (2) to quantify the timing of the seasonal development (if present) in both populations, and (3) to relate any seasonal change observed in the song control system to the previously described phenology of other physiological and behavioural traits [10] that could be potentially related, such as plasma levels of testosterone, singing activity and egg laying. This study represents, to our knowledge, the first neurobiological analysis of the song control system carried out in the framework of long-term ecological studies of natural bird populations in which selective pressure leading to a specialized timing of reproduction have been clearly identified [7, 15] .
Blue tit populations from the broad-leaved deciduous (Muro) and evergreen site (Pirio) were studied using basic protocols established since 1976 (see [15] Another group was collected in the evergreen site (Pirio) at the end of April in both years, just before egg laying. The profile of testicular development in males and the average egg-laying dates (see also [7] for the stability of egg-laying dates across years) were nearly identical during these 2 years and data collected during these two reproductive cycles were therefore analyzed together. These sampling dates were assumed to cover most of the seasonal development of the reproductive system in both populations. Males feeding chicks were never taken to avoid chick loss. Males were trapped in the morning (before 1.00 p.m.) with mist nets to which they were attracted by tape-recorded blue tit songs and by live blue tit decoys. A blood sample was taken with a heparinized syringe from the jugular vein as soon as possible (within 2-10 min) after capture and males were killed by decapitation. Brains were dissected out and immersed in a fixative solution made of buffered-phosphate saline containing 5% Acrolein during 4 h: 1 h first without agitation and 3 h under agitation. Brains were cryoprotected in a 30% sucrose solution overnight and frozen on dry ice (−80 • C).
Brains were cut in 30 m transverse frozen sections on a microtome. Every fifth section was mounted on gelatincoated slides and Nissl-stained with toluidine-blue to allow identification and measure of the song control nuclei. The volumes of HVC (used as a name, formerly the "high vocal center") and RA (robust nucleus of the arcopallium, formerly archistriatum; see [18] ) were measured by computer-assisted morphometry (see [10] ). Sections were digitized by a video camera connected to a microscope, the borders of the nuclei were delineated with the computer mouse on the screen and surfaces were calculated by the software NIH Image version 1.52 (Wayne Rasband, NIH, Bethesda, MD, USA). The nucleus volumes were then reconstructed by multiplying the surfaces by the sampling interval. Due to various technical problems, volumes could not be accurately reconstructed in 5 subjects leaving a final total sample size of 59 subjects (see Fig. 1 for their distribution in the different study sites and periods). No left-right difference in HVC and RA volumes was found in analyzes of variance testing the effect of side as a function of the time of the year (no main effect and no interaction; data not shown), so all nucleus volumes are reported here as a mean of both sides.
Differences between study populations (Pirio versus Muro) and sampling periods (months and/or years) were tested using one and two-way ANOVAs. Post hoc comparisons were carried out with Fisher Protected Least Significant Difference (PLSD) tests. Effects were considered significant for P ≤ 0.05. Analysis of HVC volumes by two-way ANOVA (months and location as factors) indicated a significant effect of the season (F 3,52 = 7.861, P < 0.001), but not of the study site (F 1,52 = 0.271, P = 0.605). The interaction between these two factors was also not significant (F 2,52 = 0.383, P = 0.684; see Fig. 1A ). HVC volumes were thus similar in both populations at all periods of the year. Therefore, all data were pooled and re-analyzed by a one-way ANOVA (season as factor), which confirmed the very significant effect of the sampling period (F 3,55 = 7.996, P < 0.001). Post hoc Fisher's PLSD tests indicated that HVC volumes in December were significantly different from all other periods (February: P = 0.016, March: P < 0.001, April: P < 0.001; see symbols on Fig. 1A, left) .
Similar results were observed in both years (2002 and 2003) and accordingly a two-way ANOVA of HVC sizes with year and months as factors revealed no significant effect of year (F 1,44 = 1.275, P = 0.2649) and no interaction of year with the other factor (F 2,44 = 2.938, P = 0.0634; analysis performed on data collected from February to April since December was sampled during a single year). RA volume (Fig. 1A, right) was similarly affected by the season (F 3,50 = 11.483, P < 0.001), but not by the study site (F 1,50 = 0.064, P = 0.802) nor by the interaction between these two factors (F 2,50 = 0.463, P = 0.632; Fig. 1A) . Like for HVC, these results were therefore reanalyzed after pooling the two study sites with a oneway ANOVA which confirmed the significance of the seasonal changes (F 3,53 = 12.013, P < 0.001). Post hoc Fisher's PLSD tests indicated that RA volume in December was significantly smaller than in February (P = 0.004), March (P < 0.001) or April (P < 0.001). In addition RA volumes measured in February were smaller than in April (P = 0.016).
No difference between years was also detected here in a two-way ANOVA analyzing RA volumes with year and months as factors for the months that were sampled in both years, i.e. from February to April (effect of year: This study demonstrates that, in blue tits, the vernal recrudescence of HVC and RA occurs at similar periods in Muro, a population that breeds early in spring, as in Pirio where birds breed approximately 1 month later [7, 15] . This seasonal recrudescence occurred very early in the prebreeding period, between December and February, when other reproductive parameters such as plasma T, song activity and testis volumes were still close to the basal level. As shown in our previous study [10] , these endocrine traits only begin to increase later in the season (March or April) and reach their peak even later, between March and May during or just before egg laying (see Fig. 1B ). These findings raise two types of questions concerning the control of seasonal changes in song nuclei and the physiological mechanisms underlying the breeding asynchrony in these two Corsican blue tit populations.
Current research has identified three semi-independent factors that could directly promote the growth of song nuclei: plasma T, photoperiod and singing activity, but their respective roles remain unclear at present. The originally postulated causal links were that day length increases plasma T, which induces the growth of the control nuclei resulting in enhanced singing activity (see review in [4] ). This view is however challenged by several observations. First, changes in the volume of song control nuclei in dark-eyed juncos (Juncos hyemalis) have been reported in the absence of detectable changes in plasma T [11, 13] . In addition, in some species, an increasing photoperiod has by itself a stimulatory effect on the growth of HVC and RA in the absence of T. For example, the transfer from short days to long days induces growth of these song nuclei in castrated tree sparrows, Spizella arborea [6] , Gambel's white-crowned sparrows, Z. leucophrys gambelii [22] and European starlings, S. vulgaris [5] . Furthermore in Juncos (J. hyemalis), T-independent effects of photoperiod appear to explain completely seasonal changes in the volume of HVC [12] .
Recent work also demonstrated that singing itself increases the expression of brain-derived neurotrophic factor (BDNF), which increases the size of HVC in canaries [1, 16, 17] . Accordingly, a suite of experiments in which starlings were prevented from singing by various means, ranging from social inhibition to central or peripheral lesions, indicated that the T-induced development of HVC is significantly reduced in the absence of singing [3] . The originally postulated causal links may thus not be the only ones. It is also conceivable that the increase in plasma T leads to a recrudescence of the singing activity, which then causes the enlargement of HVC and other song control nuclei (see [3] for a detailed discussion).
In the present study on blue tits, the annual re-growth of HVC and RA in males preceded by at least 1 month (possibly two) the vernal increase of most physiological parameters controlling reproductive activity, including plasma T and singing activity (see Fig. 1B ). Although it is conceivable that a moderate increase in plasma T could occur during the winter and stimulate HVC and RA growth, this is improbable based on the available literature on songbird field endocrinology [28, 29] . It is thus unlikely that these factors alone are able to explain the early recrudescence of HVC and RA size. Most if not all the increase in HVC and RA size indeed occurs BEFORE there is any change in plasma T or singing activity (i.e. before February; see [10] and Fig. 1B ; no plasma samples were assayed in January but in a few samples collected at the end of December, both plasma T and singing activity were low; unpubl. data). Furthermore, though the photoperiod begins to increase soon after the winter solstice, it only reaches approximately 11 h of light per day by the end of February when song control nuclei were fully regrown. Based on a large amount of literature in a variety of avian species, it is unlikely that this photoperiod is long enough to be stimulatory, at least for the pituitary-gonadal axis. The minimal photoperiodic requirements to directly stimulate the growth of the song control nuclei and to activate the endocrine axis may however be different. It cannot be thus completely ruled out that such a relatively short photoperiod could have direct effects by itself on the growth of song control nuclei although this is not supported at this time by any experimental evidence.
Even if such an early growth of HVC and RA was previously reported in great tits Parus major [20] and song sparrows M. melodia morphna [21, 26] , the nature of the stimuli that triggers song nuclei growth still remains elusive. A few options are however available. The growth could for example reflect an endogenous circannual rhythm (see [14] ). In addition, the recrudescence of HVC and RA could be steroid-dependent but controlled by steroids that would not be of gonadal origin (and were thus not assayed here). A growing body of evidence indicates that aspects of the reproductive physiology can be activated outside of the breeding season by neurosteroids, i.e. steroids produced in the brain either from cholesterol or from adrenal androgens. The best evidence for such a control mechanism concerns at this point the activation of aggressive behaviour during the winter and development of HVC in song sparrows (M. melodia morphna), which seem to depend on estrogens produced centrally by aromatization of androgens that would be either produced entirely in the brain or synthesized in the adrenal gland [23] . A similar control by neurosteroids might potentially explain the early growth of song nuclei observed here. Alternatively, there is scattered information in the literature suggesting that social and sexual interactions can modulate the production of sex steroids and possibly the size of song control nuclei. Since blue tits are often seen on their reproduction territories all year round, it is possible that the social interactions between males or interactions between males and females were responsible for the early increases in HVC and RA size reported here. Additional experimental work will be needed to identify the mechanism involved.
The full development of HVC was already observed by the end of February while RA size still continued to grow later in the season, resulting is a significantly larger volume in April than in February. This difference in the growth rate of HVC and RA might reflect a differential sensitivity of these two nuclei to T [25] but given that most of the growth occurred well before the vernal increase in plasma T, this explanation seems unlikely. Alternatively, this finding is reminiscent of results from earlier studies suggesting that the growth of RA is triggered at least in part by afferent inputs from HVC: in white-crowned sparrows, lesions of HVC decrease the response of RA to increasing long days and plasma T [9] and in canaries, systemic treatment with T for 11 days increases HVC but not RA volume [19] . It is therefore logical that the re-growth of RA in the spring follows HVC growth and the different patterns observed here may reflect this phenomenon.
The seasonal recrudescence of the song system occurred here simultaneously in two blue tits populations that show otherwise marked asynchrony in breeding physiology (see Fig. 1B and [10] ). A similar phenomenon has also been reported in song sparrows [26] . This suggests that the (unidentified) environmental cues controlling the song system may differ from those affecting other morphological and physiological traits later in the season. We speculated earlier that the breeding asynchrony observed around the egg-laying period between these two blue tit populations, is probably the result of differential supplementary cues, such as food availability or the behaviour of females nearing ovulation. In this case, even if both male populations seem to initiate their testicular development at the same time (suggesting a similar reaction to photoperiod), the later phase of development would then slow down in Pirio presumably due to the lack of proper responses from the females. The present data are fully consistent with this interpretation in that the earlier events in the male reproductive system development (in this case the song nuclei and the gonadal recrudescence) occurred simultaneously in both populations. Further studies will help to understand the mechanisms controlling this early development.
These data thus demonstrate an early seasonal recrudescence of HVC and RA in two distinct populations of Mediterranean blue tits occurring before the vernal peaks in singing activity and plasma T levels. This early growth thus appears to be independent of gonadal steroids but could still be controlled by steroids of adrenal origin (e.g. dehydroepiandrosterone) or by steroids directly produced in the brain. Although important differences in the reproductive phenology of these two populations were previously reported, no difference could be found in the timing of the seasonal growth of the song system. The current results suggest that: (a) the early seasonal growth of the song system is independent of high levels of plasma T and singing activity and (b) the action of environmental cues on the seasonal male development may differ for the song system and the other physiological and morphological parameters.
